Featured Application: This paper proposes a hybrid manufacturing process combining wire arc additive manufacturing with milling, which provides a cost-effective and efficient way to fabricate stiffened panels that have wide applications in aviation, aerospace, and automotive industries, etc.
Introduction
Additive manufacturing (AM), also known as 3D printing, offers significant advantages in terms of reduced buy-to-fly ratios, improved design flexibility, and shortened supply cycle compared to traditional subtractive manufacturing [1] . A variety of materials are now available for AM applications including metal, ceramic, plastic, etc. [2] . For metal materials, the related AM techniques mainly include selective laser sintering (SLS), selective laser melting (SLM), laser engineered net shaping (LENS), electron beam melting (EBM), electron beam freeform fabrication (EBF3), wire arc additive manufacturing (WAAM), etc. [3, 4] . These techniques differ in terms of energy source (laser, electron beam, or welding arc) and feedstock (powder or wire). Nevertheless, no matter which The primary aim of this paper is to evaluate the efficacy of HWMP in the fabrication of stiffened panels. The surface quality, material utilization and efficiency are evaluated systematically with consideration of the comprehensive effects of the deposition and the milling parameters. In addition, the optimization is also performed based on a genetic algorithm (GA) to find the best combination of the deposition and the milling parameters in order to maximize its performances. Figure 2 shows a two-robot cooperative platform for implementing HWMP, developed at Beijing University of Technology (BJUT). The welding torch and the milling tool are mounted on two independent robots. The first robot is RTI2000 (igm Robotersysteme AG, Wiener Neudorf, Austria), equipped with two Fronius Synergic 5000 power sources to implement WAAM based on Tandem GMAW (gas metal arc welding). Tandem GMAW differs from conventional GMAW as two welding wires are passed through the same welding torch and, therefore, provides much higher productivity [24] . Based on preliminary experiments, it is known that tandem GMAW is capable to produce wall structures of widths ranging from about 4 mm to 17 mm, which is especially beneficial for fabricating stiffened panels of different specifications. The wire material used in this study is Al2325 alloy with the chemical composition of Cu 3.9-4.8%, Mn 0.1-1.0%, Ti 0.15%, Mg 0.4-0.8%, Zn 0.3%, etc., in addition to Al, and the substrate material is Al2219 alloy. The wire diameter is 1.2 mm, and the shielding gas is Ar at a rate of 22 L/min. Aluminum alloys are one of the most widely used materials in aircraft components because of their reasonable cost, high stiffness-to-weight and strength-to-weight ratios, and excellent machinability. The second robot is KR500 (KUKA AG, Augsburg, Bavaria, Germany), which is a heavy-duty robot that is suitable for milling applications. It is equipped with a high-speed electric spindle ES779 with a maximum spindle speed of 22,000 rpm. The uncoated carbide alloy milling tool is adopted, which has a diameter of 14 mm and a helix angle of 55 • . The working mode is down milling. No cooling and lubricating agent are used.
System Description
The work principle of HWMP for fabricating stiffened panels is displayed in Figure 3 .
Step 1: the welding torch moves along the length of the stiffeners and deposits N layers onto an existing thin plate or the previous layers; Step 2: the top surface of the deposited layers is milled to a prescribed thickness H in order to facilitate the subsequent deposition; Step 3: the two side surfaces of the deposited layers are milled to obtain the desired geometric accuracy and surface quality. These steps alternate until the whole part is created. It should be emphasized that the deposited part must cool down to room temperature before next deposition or milling to avoid excessive heat accumulation. If N is too small, the alternation of deposition and milling would be repeated many times, which decreases the productivity; but if too large, the axial cutting depth is also too large, which increases the cutting force. Therefore, N is determined to be six in this study. The total thickness of six layers is about 12 mm (2 mm for one layer). H is determined to be 8 mm such that the irregular surfaces could be removed completely. 
Evaluation of Surface Quality, Material Utilization, and Efficiency

Evaluation of Surface Quality
Generally, the key deposition parameters affecting the bead geometry in Step 1 mainly include wire-feed rate (W FR ), travel speed (T S ), and welding voltage (W V ). The key milling parameters affecting the surface quality in Step 2 and Step 3 mainly include spindle speed (S S ), tool-feed rate (T FR ), and cutting depth (C D ). Only the side surface's quality in Step 3 is concerned in this study because the top surface will be covered by subsequent layers. Unlike other independent milling processes, the cutting depth in Step 3 is directly determined by the bead geometry produced in Step 1, as shown in Figure 3d . The larger the bead width (B W ) than the target width (T W ), the larger the cutting depth. The bead width is determined by the deposition parameters and the target width is a constant value for a specific stiffened panel. Therefore, the surface quality (represented by surface roughness, R a ) achieved by HWMP is a result of both the deposition and the milling parameters, as seen in Figure 4 . To model the surface roughness in an efficient way, two cascaded regression models are developed, the first model relating the bead width to the deposition parameters and the second one relating the surface roughness to the milling parameters, as seen in Figure 4 . The output of the first model, i.e., bead width, determines the input of the second model, i.e., cutting depth. Then the two models are synthesized to obtain the surface roughness model by establishing a link between cutting depth and bead width. The central composite rotatable design (CCRD) method is applied to obtain each regression model, which has been demonstrated to be an efficient experiment design method with a relatively small number of experiments without losing its accuracy [25, 26] . To apply CCRD, the following procedure should be obeyed: (1) identifying predominant factors affecting the response; (2) determining their upper and lower limits; (3) generating experimental design matrix; (4) conducting experiments according to the experimental design matrix; (5) developing the regression model; and (6) validating the adequacy of the developed model by analysis of variance (ANOVA).
Identifying Predominant Factors Affecting the Response and Determining Their Limits
The predominant factors affecting the response in each regression model have been discussed above. Their upper and lower limits that are of interest in this study are given in Table 1 . These factors are coded as -1.68, -1, 0, +1, and +1.68. Specifically, the ranges of the three deposition parameters are determined based on preliminary experiments, which allow good bead appearance with little spatter and no visible defects. It should be pointed out the bead width is not a constant value along the build direction due to the presence of the stair-stepping effect, as shown in Figure 3d . To address this issue, the average bead width is used, which is defined as the ratio of the cross-section area to the height of the produced wall. 
Generating Experimental Design Matrix and Conducting the Experiments
For three factors chosen with five levels, the required number of experiments is 20 according to CCRD, eight as factorial points, six as star points, and six as center points. As a consequence, the two cascaded regression models require 20 sets of deposition experiments and 20 sets of milling experiments in total. The resulting experimental design matrix is given in Table 2 . 
( 1 1 1 According to Column 1-2 in Table 2 , 20 sets of deposition experiments were carried out first. A total of six layers were deposited in each experiment, as seen in Figure 5a . The bead width along the build direction was measured with the aid of a laser displacement scanner (HG-C1030, Panasonic, 0.01 mm repeatable precision) and then the average value was calculated, as given in Column 3 of Table 2 .
With the wall structures produced by WAAM, 20 sets of milling experiments were carried out subsequently according to Column 4-5 in Table 2 , as seen in Figure 5b . The surface roughness in the tool-feed direction was measured with a roughmeter (TR200, 0.01 µm sensitivity, Time, Beijing, China). To eliminate random errors, the surface roughness was measured five times at different locations and repeated twice at each location. The results are given in Column 6 of Table 2. 
Developing and Validating the Regression Models
Based on the results of the measured bead width given in Table 2 
Then ANOVA is undertaken for validating this model and the results are given in Column 1-3 of Table 3 . It is seen that the F-value of the model is 33.54, much higher than F 0.05 (9, 10) = 3.179, indicating that this model is significant at a 95% confidence level, whereas F-value of lack of fit is 1.52, lower than F 0.05 (5, 5) = 5.05, indicating that lack of fit is not significant. Moreover, the coefficient of determination R 2 is very close to 1, i.e., R 2 = 0. Analogously, the regression model (second-order) that describes the dependence of R a on S S , T FR and C D is also obtained as follows:
The corresponding ANOVA results are given in Column 4-6 of Table 3 , which prove that this regression model is also credible and accurate. Only S S , T FR , C D , S S 2 and T FR 2 have significant effects on R a at 95% confidence level and as a result the simplified regression model is
Developing Surface Roughness Model
From Figure 3d , it is clearly seen that the bead width and the cutting depth satisfy the following relation:
Through replacing C D in Equation (4) with Equation (5) and combining Equation (2), the final surface roughness model is obtained:
which clearly exhibits the dependence of the surface roughness on both the deposition and the milling parameters. In addition, the target width also affects the surface roughness.
Evaluation of Material Utilization
Material utilization (M U ) is defined as the ratio of the final part's mass (m part ) to the raw material's mass (m raw_material ) as follows:
The final part's mass is the sum of the masses of the plate (m plate ) and the stiffeners (m stiffener ), whereas the raw material's mass is the sum of the masses of the plate and the beads (m bead ). From Figure 3d , we also know that m bead /m stiffener is approximately equal to B W /T W , neglecting the removed mass in Step 2. Therefore, Equation (7) can be converted to: 
which is a function of the wire-feed rate, travel speed, target width, and the ratio of the masses of the plate to the stiffeners.
Evaluation of Efficiency
Regarding the efficiency (represented by construction time, T C ), it is related to two main process parameters, i.e., travel speed and tool-feed rate, the former determining the deposition time (T deposition ), whereas the latter determining the milling time (T milling ). Additionally, the cooling time (T cooling ) for the part to cool down to room temperature before next deposition or milling and the tool-changing time (T tool-changing ) for switching the welding torch and the milling tool should also be considered. Therefore, the construction time that the deposition and the milling processes alternate once (i.e., N = 6) can be calculated as follows:
where the coefficient 6 in the first term denotes that six layers are deposited, the coefficient 3 in the second term denotes that both the top surface and the two side surfaces are milled and L represents the length of the stiffeners. The last two terms are assumed to remain unchanged regardless of the variation of the process parameters.
Effects of Process Parameters on the Performances
Based on Equations (6), (8) and (9), the effects of single process parameter on surface roughness, material utilization, and construction time are analyzed, as shown in Figure 6 . This is obtained by varying one process parameter while keeping the other process parameters at zero level (according to Table 1 ). The other unknown parameters are set as follows as an example:
From Figure 6a , it is known that the surface roughness appears to be a nonlinear decreasing function of travel speed and spindle speed. Higher travel speed leads to smaller bead width according to Equation (2) and, therefore, smaller cutting depth according to Equation (5) . Both smaller cutting depth and higher spindle speed contribute to lower surface roughness according to Equation (4) . On the other hand, the surface roughness increases almost linearly with increased wire-feed rate. This is because higher wire-feed rate leads to larger cutting depth according to Equations (2) and (5) and, therefore, higher surface roughness according to Equation (4) . Additionally, the surface roughness decreases slightly and then increases greatly with the increased tool-feed rate. These results basically agree with the observations in previous research. A reasonable increase of spindle speed would decrease the cutting force due to the thermal softening and, therefore, lead to lower surface roughness [27] . An increase of cutting depth and tool-feed rate means removing more volume per unit time, which would result in larger cutting force and, therefore, higher surface roughness [28] . From Figure 6 , we can also know that the steeper the slope of a curve, the larger the corresponding parameter's contribution to the surface roughness. To make a fair comparison, the slopes of these curves are compared at zero level. Then it can be obtained that the order of these parameters' contribution to the surface roughness is S S > W FR > T FR > T S . Figure 6b shows the dependence of the material utilization on travel speed and wire-feed rate. Higher wire-feed rate and lower travel speed are likely to lead to larger bead width according to Equation (2) and, therefore, lower material utilization. The two process parameters must match each other in order to ensure a high material utilization. By comparing the slopes of the two curves, it is known that the wire-feed rate plays a dominant role in determining the material utilization. From Figure 6c , it is observed that the construction time is a decreasing function of both the travel speed and the tool-feed rate, which is easy to explain by combining Equation (8) . Additionally, the tool-feed rate plays a dominant role in determining the construction time. 
Parameter Optimization
The optimization is performed to find best combination of the deposition and the milling parameters in order to maximize the performances of HWMP in terms of surface quality, material utilization, and efficiency. The optimization problem can be expressed in the following form:
Objective function:
within the ranges of these process parameters: 
The constraint function (Equation (12)) means that the achieved bead width should be at least 1 mm larger than the target width to ensure that the "stair-stepping effect" can be removed completely.
GA is adopted to solve this optimization problem that is based on natural selection and biological evolution [29, 30] . GA has become popular in engineering optimization problems for its wide range of precise search and capability of solving complex non-linear problems. Due to the complexity of the multi-objective optimization problem, the weighted sum method (WSM) is applied first to convert the three objectives (i.e., min R a , min 1/M U , and min T C ) to a single objective (i.e., min (w 1 R a + w 2 / M U + w 3 T C )) [31] . w 1 , w 2 , and w 3 are the weight coefficients and w 1 + w 2 + w 3 = 1. These parameters should be normalized before being converted as follows:
Then the resultant objective function is obtained as follows:
where w 1 is set to 0.6, w 2 is set to 0.2 and w 3 is set to 0.2 in this study. By using the MATLAB optimization toolbox, the optimization solutions for different target widths are obtained as given in Table 4 . The parameters such as L, m plate /m stiffener , etc., are the same as those in Equation (10) . From Table 4 , we can observe that for any target width, a high travel speed, and a high spindle speed are recommended because the surface roughness is a decreasing function of the two process parameters according to Figure 6a . Higher travel speed also results in both higher material utilization and efficiency according to Figure 6b ,c. Though a low tool-feed rate is beneficial for achieving a low surface roughness according to Figure 6a , it also increases the construction time according to Figure 6c . Therefore, a moderate tool-feed rate is recommended to obtain a good balance between surface roughness and construction time. With regard to wire-feed rate, different target widths correspond to different wire-feed rates, which can be explained through the constraint function (Equation (12)), i.e., larger target width required larger bead width and therefore larger wire-feed rate. In all, a high travel speed, a target width dependent wire-feed rate, a high spindle speed and a moderate tool-feed rate are required to maximize the performances of HWMP. It is interesting to find that the optimized values for the surface roughness, the material utilization and the construction time are basically the same regardless of the target width. The surface roughness remains around 1.3 µm and the material utilization ranges from 96% to 98%. 
Case Study
For validation of the developed models and the optimization results above, a test part with intersecting stiffeners was fabricated following the steps in Figure 3 , as shown in Figure 7 . Note that the width and the total length of the stiffeners are 7 mm and 1200 mm respectively, and the ratio of the masses of the plate to the stiffeners is about 4, which are the same as those in Equation (10) . Therefore, the corresponding optimal process parameters are W FR = 3.8 m/min, T S = 0.6 m/min, S S = 6694 rpm and T FR = 3.1 mm/s according to Table 4 . Furthermore, note that the height of each stiffener is 16 mm, which means that the deposition and the milling processes need to alternate twice here. After this stiffened panel was fabricated, the actual surface roughness in the tool-feed direction was measured at different locations. The average value is 1.38 µm, which is about 7.0% higher than the predicted value, i.e., 1.29 µm. The actual material utilization is calculated by dividing the final part's mass (1.82 kg) by the sum of the masses of the plate and the raw metal wire (1.46 kg + 0.55 kg). The result is 91%, which is a little lower than the predicted value, i.e., 97%. This is attributed to the fact that the removed mass from the top surface in Step 2 is neglected in the theoretical evaluation. The actual construction time is about 102 min, which is slightly longer than the predicted value (48.35 × 2 = 96.7 min). This is because the time for the milling tool to move from one surface to another is not considered in the theoretical evaluation. In all, these developed models (Equations (6), (8) and (9)) are capable of predicting the surface quality, material utilization, and efficiency of HWMP with reasonable accuracy.
As a comparison, the performances of the traditional machining for the same stiffened panel are also evaluated. It starts with a thick plate with dimensions 300 mm × 300 mm × 22 mm and then goes through two stages: roughing and finishing. The roughing stage aims to remove extra mass as quickly as possible by employing a large material removal rate (MRR), whereas the finishing stage aims to refine the part to the required accuracy by employing a small MRR. To make a fair comparison, the MRR selected for the finishing stage is the same as that in HMWP, i.e., MRR finishing = 14.88 mm 3 /s. That is to say, the achieved surface quality here is assumed to be the same as that in HWMP. The MRR for the roughing stage, i.e., MRR roughing , is assumed to be 10 times that of MRR finishing , i.e., 148.8 mm 3 /s. The machining time for each stage can be calculated by dividing the volume to be removed by the corresponding MRR. The tool-changing time is not considered here.
A detailed comparison between HWMP and the traditional machining is summarized in Table 5 . HMWP improves the material utilization from 34% to 91% (by 57%) and reduces the construction time from 166 min to 102 min (by 32%). Significant advantages of HWMP over the traditional machining for the fabrication of stiffened panels are demonstrated. It is also observed that the cooling time accounts for about one third of the total construction time in HWMP. To further increase its efficiency, it is necessary to introduce additional cooling methods, such as forced air cooling, to reduce the cooling time as much as possible. 
Conclusions and Future Work
A hybrid manufacturing process combining WAAM and milling (HWMP) is proposed in this paper, which provides an entirely new method to fabricate stiffened panels in contrast to existing joining or machining methods. The comprehensive effects of the deposition parameters (including wire-feed rate and travel speed) and the milling parameters (including spindle speed and tool-feed rate) on surface quality, material utilization, and efficiency are investigated systematically. Only good matching of the deposition and the milling parameters could maximize the performances of HMWP. Through the optimization, it is obtained that a high travel speed, a target width dependent wire-feed rate, a high spindle speed, and a moderate tool-feed rate are required to obtain a good balance between surface quality, material utilization, and efficiency. This provides a guide to select approximate process parameters for hybrid manufacturing processes. With the optimal process parameters, significant reduction in material consumption and improvement in efficiency can be realized without any loss of accuracy for the fabrication of stiffened panels, compared against the traditional machining. Therefore, HWMP that accords with the concept of sustainable development would be attractive to the manufacturers.
Despite the above advantages, the WAAM process based on welding may introduce undesirable residual stresses and, therefore, distortions due to the large heat input, especially for thin structures. Several measures could be taken to solve this problem. For example, some new welding techniques with lower heat input could be used instead of the conventional GMAW, such as cold metal transfer (CMT), dual-bypass GMAW and hot wire GMAW [32] . Some preheating approaches such as induction heating could also be used to regulate the thermal gradient. Additionally, well-designed fixtures are necessary to reduce the distortions. These works will be considered in the future.
